Abstract-This study measured the bending stiffness of the spine when it is subjected to posteroanterior mobilization force. The lumbar spine was modeled as an initially curved beam column supported over the rib cage and the pelvis. Posteroanterior mobilization was assumed to be three-point bending of the beam. The mobilization force was measured by the mounting of a force plate onto the manipulation couch, where electromagnetic sensors measured the change in spinal curvature. The bending stiffness of the spine was derived from the force and curvature data. The technique developed in this study provided highly repeatable data. The theoretical analysis suggests that the pelvic rotation produced by mobilization may be used clinically to indicate the magnitude of the mobilization force. Future research may employ the present method to determine how back pain may affect the bending stiffness of the spine. The bending stiffness values reported in this study will be valuable to future modeling work.
INTRODUCTION
Manipulative techniques are commonly employed in the clinical assessment and treatment of low back pain [1] . Posteroanterior mobilization, a highly popular technique, generally involves the application of vertical forces over the spinous process of a given vertebra while the subject is lying prone (Figure 1 ) [2] . Several research studies examined the mechanical characteristics of posteroanterior mobilization [3] [4] [5] [6] [7] [8] [9] [10] [11] . In some of these studies, posteroanterior forces were delivered by a mechanical mechanism and measured by a load cell [6] [7] [8] . Other researchers measured the forces by attaching strain gauges to a specially constructed couch on which the subject lay [3] [4] . The intervertebral movements produced by mobilization have also been quantified by video and radiographic techniques [5] [6] [9] [10] .
For a full understanding of the mechanical response of the spine to mobilization force, measuring the forces and the movements produced simultaneously is essential. Lee and Evans successfully developed a technique for such measurements [6] [7] [8] . They found that the loaddisplacement characteristics of mobilization were nonlinear. The spine was shown to exhibit time-dependent properties such as creep and preconditioning [6] [7] . The radiographic study of Lee and Evans showed that under the application of mobilization loads, the lumbar motion segments tended to extend [9] . They also showed that the upper lumbar segments (L1/2-L3/4) translated posteriorly and the L5/S1 segment anteriorly. The L4/5 segment did not exhibit translation in a consistent direction and appeared to be a transitional segment. The movement pattern observed in this study strongly suggests that the spine is subjected to three-point bending under the application of mobilization loads.
Clinically, spinal stiffness is simply determined according to the magnitude of the movement detected or perceived by clinicians. This approach is unsatisfactory because it does not take into account the loads exerted on the spine. Previous research attempted to quantify posteroanterior stiffness by determining the absolute vertical displacement of the mobilized vertebra in space [11] . Such measurement was subject to large error because the vertebral displacement could be affected by factors such as the stiffness of plinth padding rather than the intrinsic stiffness of the spine [12] .
Because previous definitions of spinal stiffness are rather imprecise, the effects of symptoms on spinal stiffness remain unclear. These issues must be addressed, because they will provide fundamental information on the mechanisms of action underlying therapy. Posteroanterior stiffness should not be defined simply by the vertical displacement of the spine without consideration of the geometry of the spine and the mechanical effects on the adjacent anatomical structures. One should interpret it as the bending stiffness of the spine that may be modeled as an initially curved beam under three-point bending.
Previous studies measured the bending stiffness of the vertebral column during flexion, extension, lateral bending, and twisting of the trunk [13] [14] . These researchers found that wearing a belt, holding the breath, and receiving anesthesia would significantly change spinal stiffness. Quantifying the bending stiffness of the spine when subjected to mobilization would be clinically useful, but no previous research has attempted to do this. Posteroanterior mobilization was found to induce extension moment and shear on the lumbar spine [6, [8] [9] [10] . The loading conditions are rather complex, and the stiffness property of the spine under these conditions may be different from that during simple physiological loading. Therefore, with this study, we developed a method for measuring the bending stiffness of the spine when subjected to posteroanterior mobilization.
METHODS

Theoretical Model
We used a two-dimensional beam-column model to study the mechanical response of the whole lumbar spine under the influence of posteroanterior mobilization loads. The lumbar spine was modeled as an initially curved beam column supported over the rib cage and the pelvis (Figure 2) [6, 8, 10] . The model assumed that no significant compressive forces existed along the spine. Yoon and Mansour showed that the passive hip moment was negligible in the neutral position and with a small angle of rotation [15] . The pelvic support was considered to be a pin joint located effectively over the anterior superior iliac spine (ASIS). A force plate study was carried out that established the boundary condition at the thoracic end of the beam [6] . No significant change in moment was observed at the thoracic cage during the application of mobilization force. The thoracic end was therefore assumed to be a pin boundary. The effective point of support was found to be at T7/8 level.
According to the theory for an elastic beam with bending stiffness b [16] , the change in curvature of the beam κ is given by where M(x) is the bending moment acting on the beam.
The bending moment acting at a point x on the right side of the force P (for ) (Figure 2 ) is given by where L is the distance between the two ends of the beam (T8/9 and ASIS), a is the horizontal distance between the ASIS and the point of application of the force P, and x is the horizontal distance from the ASIS. The bending moment acting on the beam on the left side of the force P (for ) is given by
At the point of mobilization (x = a), both Equations (2) and (3) become Combining Equations (1) and (4), The variables may be measured experimentally with the use of force transducers and angular displacement sensors attached to the spine. The distances L and a may also be determined by a recording of the positions of the two ends of the beam and the point of force application. The bending stiffness of the spine when subjected to mobilization can then be determined.
According to Equation (2), the differential equation for the right side of the beam (for ) is given by where y is the vertical distance from the ASIS.
Integration of Equation (6) yields where C 1 is a constant. Integration of Equation (7) gives where C 2 is a constant. The differential equation for the left side of the beam (for ) is given by First integration of Equation (9) yields where C 3 is a constant. Further integration gives where C 4 is a constant.
To solve the unknown coefficients C 1 , C 2 , C 3 , and C 4 , one must establish four boundary conditions:
Solving Equations (7), (8) (18) into Equation (21), Equation (22) defines the mathematical relationship between the bending stiffness of the spine, the magnitude of mobilization force, the geometry of the spine, and the magnitude of pelvic rotation. Therefore, the bending stiffness of the spine is shown to be proportional to the magnitude of the mobilization force but inversely proportional to the magnitude of pelvic rotation.
Experimental Study
Twenty subjects (12 men and 8 women, mean age = 20 ± 2 yr, mean height = 1.59 ± 0.09 m, mean weight = 67.5 ± 4.9 kg) agreed to participate in this study. They were in good health, with no history of back pain or leg pain that could be attributed to the back within the last 12 months. They were excluded if they had undergone previous back surgery, or had a fracture, dislocation, or any structural defects of vertebral structures.
A nonconductive force plate (4060-NC Bertec Corporation, Columbus, OH) was mounted underneath the manipulation couch. Subjects were requested to lie on the couch face down. The forces experienced by the force plate represented the forces exerted onto the lumbar spine. An electromagnetic tracking system (FASTRAK, Polhemus Navigation, Colchester, VT) was used to measure the change in curvature of the spine. Such a system could be adversely affected by the presence of metals or other conductive materials, and thus the force plate used in this study was nonconductive. Our earlier research showed that the system was highly reliable in recording spinal motion [17] [18] . A physiotherapist with specialized training in manipulation and with more than 5 years clinical experience applied posteroanterior mobilization force to the L4 spinous process. The clinical technique (Grade III, which was clinically defined as large amplitude of oscillations at the end of the range), described by Maitland et al. [2] , involved cyclic applications of vertical forces over the spinous process while the subject was lying prone, as shown in Figure 1 . The physiotherapist was instructed to perform the technique that was deemed appropriate for Grade III. No instructions were given to control the rate of mobilization and the magnitude of force so that the technique would resemble how it would be carried out in a normal clinical situation.
Two electromagnetic sensors were attached with double adhesives to the skin overlying the T7/8 vertebral junction and the position of the spine that corresponded to the level of the ASIS. These sensors allowed for a determination of the change in curvature of the spine. The orientations of the sensors were initially recorded when no mobilization force was applied. These orientations defined the initial curvature of the spine. After mobilization had been performed for 30 s, data were recorded for three oscillatory cycles of mobilization.
A computer program was developed to acquire the force and motion sensor data. The force signal was low-pass filtered digitally with the use of a second-order Butterworth
filter with a cutoff frequency of 6 Hz in both the forward and reverse directions so there would be zero phase distortion. Data were converted analog to digital (DT3001, Data Translation Inc., Marlboro, MA) and acquired by a personal computer at a sampling rate of 30 Hz. The motion sensor data were acquired via the serial port at 115.2 kB with the same sampling rate as the force data (that is, 30 Hz per sensor). The force and motion sensor data were synchronized with the use of an external pulse to trigger data collection of both signals at the same instant.
The positions of T7/8 junction, the ASIS, and the L4 spinous process (where the mobilization load was applied) were recorded by a stylus attached to an electromagnetic sensor. The distances a and L can be determined from these digitized points. All measurements were repeated three times so that the reliability of the data obtained could be assessed.
Analysis of Experimental Data
The mobilization force (P) was plotted against the change in curvature of the spine. Data were fitted with a linear regression equation with the use of the least squares method. According to Equation (5), the bending stiffness of the spine (b) could be derived from the slope of the regression line:
An intraclass correlation coefficient (ICC) was used for the examination of the repeatability of the bending stiffness data obtained in the three measurement trials.
RESULTS
The results of this experiment are presented in the Table. Three cycles of mobilization force and the change in spinal curvature of one of the subjects (subject 20, 19 yr old, male, weight = 65.6 kg, height = 1.55 m) is shown in Figure 3 . The force and movement data generally follow a sinusoidal pattern, and this was observed in all subjects. The mean maximum posteroanterior force of all subjects was found to be 178 ± 30 N (range = 141-273 N), and the mean frequency of mobilization was 1.2 ± 0.6 Hz (range = 0.3-2.5 Hz). Figure 4 shows a typical plot of the mobilization force against the change in curvature (subject 20). The relationship was almost linear, as predicted by Equation (5). The line of best fit, as obtained by linear regression, and the bending stiffness value, which was derived from the slope of the line, are also shown in Figure 4 . The force-curvature plot was found to follow a linear relationship in all subjects. The Table shows the slopes and bending stiffness of all subjects, together with their summary statistics. The mean bending stiffness of the spine was found to be 15.1 ± 4.3 Nm 2 (range = 8.7-25.9 Nm 2 ). The mean ICC was found to be 0.98 ± 0.01 (range = 0.97-0.99) ( Table) , showing that the stiffness values derived in the three measurements were highly similar. The measurement method was highly reliable.
DISCUSSION
This paper reports a new method of measuring the bending stiffness of the lumbar spine when subjected to posteroanterior mobilization. The method, found to provide highly repeatable data in all the subjects as demonstrated by the high ICCs, could therefore be recommended, with confidence, for clinical uses and future research studies. The Table shows that the experimental observations were highly consistent among all the subjects examined. This would enable researchers to draw conclusions on the mechanical properties of the spine in a group of young healthy subjects. The bending stiffness data reported may be used as reference values for comparison with those of an older population and subjects with low back pain.
The bending stiffness values obtained in this study were similar to those reported in previous work [13] [14] . However, we should note that previous work examined the stiffness of the spine when subjected to physiological loadings (flexion/extension, lateral bending and twisting) rather than posteroanterior mobilization. Our study also revealed a large variation in the bending stiffness values among the subjects. This observation was also consistent with the results of previous studies [13] [14] .
The physiotherapist was asked to perform the mobilization in a manner that would be appropriate according to his clinical experience. Large amplitudes of sinusoidal oscillations of force and movement signals were observed, reflecting the clinical definition of Grade III mobilization proposed by Maitland et al [2] . Similar force and movement patterns were reported in previous work [7, 17] . The magnitude of the force and the frequency of mobilization were not controlled in this study
so that they could reflect the loading conditions in a clinical situation. The values obtained in this study were similar to those reported elsewhere [7] [8] .
Posteroanterior mobilization should not be interpreted as posteroanterior translation of one vertebra upon the other. Previous research attempted to define the bending stiffness of the spine using the vertical displacement of the spine at the point of force application [11] [12] . This definition was unsatisfactory because this could be affected by the geometry of the spine and the stiffness of the plinth padding [12] . The method reported in this study employed a beam model that took into account the geometry of the spine (a and L). The bending stiffness of the spine was derived from the relationship between the mobilization force and the change in spinal curvature.
An interesting finding of the theoretical analysis is that, according to Equation (22), if the bending stiffness of the spine remains constant, the magnitude of the mobilization force is proportional to the magnitude of pelvic rotation. Clinically, quantifying the forces applied to the spine so that treatment can be implemented accurately is important. However, load cells or force plate may not be available in the clinical environment. In this case, a simple tilt sensor or an inclinometer attached to the sacrum may be employed for measurement of pelvic rotation, indicating the force applied. Such a simple device may also be used as a visual aid in the training of student therapists. However, we should note that the these arguments are based on the theoretical analysis only, and future research should examine the feasibility of using the sacral inclinometer in analyzing mobilization loads. Equation (22) may also be used to determine the bending stiffness of the spine with knowledge of the geometry of the spine (a and L), the mobilization force applied, and the magnitude of pelvic rotation. In the clinical environment, all these variables can be easily measured with inexpensive devices. The mobilization force may be determined with the therapist standing on a bathroom scale. The distances a and L may be measured with a ruler and the pelvic rotation with an inclinometer as described previously. Future research should further explore this approach.
CONCLUSION
The method described in this paper is recommended for the measurement of the bending stiffness of the spine when subjected to posteroanterior mobilization. Bending stiffness should be derived from the relationship between the mobilization force and the change in spinal curvature. Clinically, medical staff may measure pelvic rotation to indicate the bending stiffness of the spine. In future studies, researchers may employ the present method to study various factors that may affect the bending stiffness of the spine-for instance, breathing and muscular contraction. The effect of back pain on the bending stiffness should also be investigated. The bending stiffness values reported in this study will be valuable to future modeling work. 
